The individual structural polypeptides of vesicular stomatitis virus have been examined by tryptic peptide analysis of 35S-methionine preparations labelled in vivo and a25I-preparations labelled in vitro. Isolates of the two classical serotypes of the virus (Indiana and New Jersey) and of a sub-type of the Indiana serotype, Brazil virus, were compared. The study showed that the major internal proteins of all three viruses gave similar maps, whereas the surface glycoproteins gave distinct maps that had very few spots in common. The map of the glycoprotein of Brazil virus, which has been shown previously to be more closely related serologically to Indiana virus than to New Jersey virus, did not show any greater similarity to the Indiana virus than to the New Jersey virus glycoprotein. On the other hand, peptide maps of the nucleoprotein and matrix protein showed Indiana and Brazil viruses to be more closely related to each other than to New Jersey virus.
INTRODUCTION
Vesicular stomatitis virus (VSV) is a membrane enveloped rhabdovirus comprising a single-stranded RNA genome and five structural proteins (Wagner et ak 1972) . It consists of a nucleocapsid core of the RNA bound to the nucleoprotein N, NS protein and the L protein, surrounded by a sheath of M protein and a lipid membrane. The glycoprotein G is embedded in the lipid and carries the type-specific antigen responsible for the division of the vesicular stomatitis viruses into the New Jersey and Indiana serotypes (Cartwright & Brown, 1972) . Federer, Burrows & Brooksby (I967) have divided the Indiana serotype into three subtypes; Indiana I for the classical strains; Indiana 2 for the Argentina and Cocal viruses and Indiana 3 for the Brazil virus.
The nucleocapsid of VSV contains a group-specific antigen(s) (Kang & Prevec, 197o; Cartwright & Brown, I972) . Using detergent-disrupted virions of New Jersey, Indiana, Brazil, Cocal and Argentina viruses and the corresponding antisera, Cartwright & Brown (I97Z) showed considerable levels of cross neutralization with the nucleocapsid antigens.
In an attempt to obtain an understanding of the variation within the VSV group of viruses at the molecular level and to relate such variations to the serological data outlined above, we have examined the individual polypeptides of each virus by tryptic peptide analysis.
METHODS

Purification of viruses.
The Indiana, New Jersey and Brazil isolates were described in detail by Cartwright & Brown (1972) and were purified as described previously except for the use of o.I i-tris-HCl, o.I M-NaC1, 2 mM-EDTA, pH 7"6, instead ofo'o4 M-phosphate to buffer the sucrose density gradients. When radioactive preparations were required, the viruses were grown in methionine-free Eagle's medium containing 85S-methionine. Virus was precipitated from density gradient fractions by cold 67 % acetone precipitation overnight at -2o °C. The proteins were dissolved in o.1% SDS, o.I M-tris-HC1, pH 7"6, and precipitated with acetone several times.
Carboxylmethylation. The virus proteins were carboxylmethylated by a modification of the method of Crestfield, Moore & Stein (I963) in which mercaptoethanol was replaced by o-o5 M-dithiothreitol and the mixture supplemented with o'5 % SDS. Following carboxylmethylation, the reagents were removed by three cycles of acetone precipitation and centrifugation, re-dissolving each time in o.1% SDS, o.I M-tris-HC1, pH 7"6.
Iodination. In preliminary studies, the carboxylmethylated proteins were separated by polyacrylamide gel electrophoresis, eluted and iodinated. However, iodination prior to polyacrylamide gel electrophoresis proved simpler, quicker and gave essentially identical results to the former procedure except that the minor proteins NS and L were considerably less radioactive than when the isolated proteins were iodinated separately. Polyacrylamide gel electrophoresis also served to remove unbound iodine not removed in the following procedure. The proteins were dissolved in ~oo #1 of 0"05 M-tris-HC1, pH 7"6, 1.5 % SDS and 4 M-urea to which was added, with mixing, Io/tl (I mCi) of 12'I (The Radiochemical Centre, Amersham, Bucks) followed by 2o #1 of chloramine-T (5 mg/ml). After 30 rain at room temperature, Ioo #1 mercaptoethanol was added and the unbound 1251 and excess reagents removed by three successive cycles of acetone precipitation and centrifugation.
Polyacrylamide gel electrophoresis. The iodinated proteins were boiled for several minutes in a mixture of urea, SDS, mercaptoethanol and phosphate buffer and electrophoresed in 7"5 % polyacrylamide gels (Weber & Osborn, I969) and excised from the gels with a razor blade. Proteins were eluted with several changes of I u-tris-HC1, pH 7"6, 1% SDS containing I mu-phenylmethylsulphonylfluoride at 56 °C for 24 to 48 h. High molarity buffer was more effective than the conditions used by Bray & Brownlee (I973) and often gave recoveries as high as 9o % with two elutions, each of I ml. At this stage, 250 to 500 #g of myoglobin was added to each protein preparation to act as carrier. The aSS-methionine labelled proteins were treated in an identical manner. Unwanted reagents were removed by acetone precipitation as before. Glycoproteins required for amino acid analysis were isolated and electrophoresed in polyacrylamide gels as described previously (Bussereau et al. I975) .
Peptide mapping. The isolated proteins were suspended in 2 ml of o.I M-NH4HCQ, pH 8-o and sufficient TPCK-treated trypsin (Worthington Biochemical Corporation, Freehold, New Jersey) in o.ooI N-HC1 and 5 mu-CaC12 added at o and 4 h to give an approximate enzyme to substrate ratio of I : 5o. Digestion was continued at 37 °C for 24 h, the peptide solutions filtered through 25 m# membrane filters (Millipore (U.K.) Ltd., London) dried and dissolved in 0.2 M-NH4OH. The digests were subjected to electrophoresis and ascending chromatography on silica gel sheets (Harris, Doel & Brown, r977) . Autoradiographs were prepared by exposing Kodirex X-ray film to the dried sheets for periods ranging from I day to several weeks.
Amino acid analysis. The virus glycoproteins were isolated and purified as described previously for Brazil virus (Bussereau et al. I975) . Performic acid oxidation of proteins, acid hydrolysis and chromatography on a BioCal BC2oo amino acid analyser were also carried out as described previously. 
R E S U L T S
General observations
A recent paper by Davison (1976) has highlighted several problems with the iodination of proteins for peptide mapping purposes. Like Davison, we found that the method of Bray & Brownlee (I973), on which much of our technique has been based, gave high levels of diffuse background radioactivity. We also found that de-salting of iodinated peptides on GIo or GI5 Sephadex [Pharmacia (G.B.) Ltd] resulted in losses of some peptides. The cleanest peptide maps were obtained when the disrupted viruses were iodinated and the proteins then separated and isolated twice by consecutive electrophoreses on polyacrylamide gels. Fig. I indicates the purity which can be achieved with this procedure. The separated proteins of Brazil virus are shown as 125I autoradiographs of polyacrylamide gel slices and for comparison a Coomassie stained gel of the virus polypeptides prior to any modifications is included.
With regard to the reproducibility of 125I peptide maps, Davison (1976) pointed out that a molar ratio of iodine/tyrosine greater than 0"05 could give different patterns for the same protein, primarily through the formation of variable amounts of di-iodotyrosine. Such a ratio for a typical protein would be of the order of 3o mCi 125I per mg of protein. 8.8
G-protein
Threonine 6.6 6"5 7"6 Serine 8-8 9"8 8-I Glutamic acid/glutamine ~ I "o 9' I 9"9 Proline 4'8 5"4 6"4 Glycine 8.6 7"8 8-8 Alanine 6.o 5"9 3"6
Half-cystine'~ 2-6 2"5 1 '2 Valine 7"3 6,6 7" I Methioninet I "5 I '7 I "4 Isoleucine 5"4 7"o 8.2 Leucine 7"3 7"4 6"5 Tyrosine 4'I 3"6 4"3 Phenylalanine 5"3 5"5 5'3 Lysine 4"5 5"4 6-5 Histidine 2"5 2.8 3"4 Arginine 3"9 3'5 3" 3 * The results are expressed as moles per Ioo moles of amino acid. "i" Determination made on oxidized protein.
of the glycoproteins. Essentially the same results were obtained with 35S-methioninecontaining tryptic peptides and high voltage paper electrophoresis and chromatography of l~sI-tryptic peptides. The maps are so different that it is not possible to determine whether Brazil virus is more closely related to Indiana virus than to New Jersey virus. The observations with the peptide maps are entirely consistent with the serological experiments of Cartwright & Brown (i972) who were unable to demonstrate significant levels of crossneutralization between the intact viruses and appropriate antisera. Although peptide differences were expected in view of the serological data, the results suggest considerable variation among the primary structures of the glycoproteins. However, the amino acid analyses in Table I do indicate that the glycoproteins are related and might be expected to contain common sequences of amino acids. It would be interesting to examine the glycoproteins in greater detail to see whether or not variability occurs randomly throughout the sequence. The number of iodinated peptides (Fig. 2) of Brazil virus and New Jersey virus glycoproteins are in reasonable agreement with their respective tyrosine contents determined by amino acid analysis (Table I ) and a monomeric mol. wt. of 69ooo. However, the inferior resolution of the peptides near the origin of the map of Indiana virus glycoprotein makes the calculation with this virus of doubtful value. This calculation is particularly relevant to Brazil virus which has a trypsin-resistant and trypsin-susceptible species of glycoprotein on the surface of the virion (Bussereau et al. I975) . The observation that Brazil, New Jersey and possibly Indiana virus glycoproteins have similar numbers of iodinated peptides argues against the likelihood of Brazil virus having two species of glycoprotein differing in amino acid sequence. Ion-exchange chromatography of 35S-methionine-containing tryptic peptides of the two species of glycoprotein (T. R. Doel, unpublished observations) also suggests that both species are for the most part identical with regard to their amino acid sequence. Brazil and Indiana N-proteins are also seen to be closely related in Fig. 4 which shows the maps of sSS-methionine containing tryptic peptides. The most striking differences between Indiana and Brazil N-proteins can be seen in peptides a, b and c. New Jersey N-protein is quite distinct from the other N-proteins; for example, it lacks peptides 'd', 'e' and 'f'.
N-protein
Nevertheless, the N-proteins of Brazil, Indiana and New Jersey viruses are clearly related. This conclusion is consistent with the work of Cartwright & Brown (I972) who found considerable cross-reaction in neutralization tests when they used detergent disrupted viruses and the appropriate antisera. The present work indicates that Brazil and Indiana virus N-proteins are more closely related to each other than either is to New Jersey virus N-protein.
M-protein
The 1~5I maps of the M-proteins of the three viruses are similar although not identical (Fig. 5 ). There is a striking variation in intensity between, for example, peptide doublet 'e' and peptides ' d', ' c' and 'f' suggesting that trypsin is able to remove some peptides very readily but digests the residue of the protein much more slowly. Peptides 'a' to 'd' are common to all of the M-proteins although those in Indiana M are not very intense on the original autoradiographs and have almost disappeared during reproduction. Similarly peptide 'g' and one of the peptides in doublet 'e' are common to all of the M-proteins. New Jersey M-protein differs from the other M-proteins in several respects. One of the peptides in doublet 'e' of the New Jersey protein migrates to the right rather than below the common peptide. New Jersey M-protein does not contain peptide 'f' but has acquired peptide 'j ', probably at the expense of peptides at the origin of the New Jersey M map. Indiana M-protein does not contain peptide 'h' nor does it have peptides to the right of peptide ' g' as is the case with Brazil M-protein. Clearly, the M-proteins are related and there is perhaps an indication that the M-proteins of Brazil and Indiana viruses are more closely related to each other than is either to New Jersey M-protein, although the evidence is not as convincing as that with the N-proteins. Essentially the same results were obtained with maps of 35S-methionine containing tryptic peptides. Unlike N-protein, M-protein does not appear to have a group-specific antigen (Cartwright & Brown, I972) despite the similarities among the peptide maps. If such an antigen exists, failure to detect it may have been due to solubility problems with this presumably hydrophobic protein.
DISCUSSION
We have examined the individual proteins of three vesicular stomatitis viruses by peptide mapping in an attempt to understand more about variation within the rhabdoviruses at the molecular level and to relate such variation to serological data. The results indicate considerable variation among the three glycoproteins which are located on the external surfaces of the viruses. In contrast, the internally located N-and M-proteins differ much less throughout the three viruses examined. Our results are very similar to those obtained by D. F. Summers (personal communication) who has compared the methionine-containing tryptic peptides of G-, N-, NS-and M-proteins of Indiana and New Jersey viruses by ion-exchange chromatography. By this method of peptide mapping, only Io ~o of the tryptic peptides of the G-proteins, but approximately 9o % of the tryptic peptides of N-, NS-and M-proteins appear to be common to both viruses.
The results are consistent with the serological data of Cartwright & Brown (I972) which showed that the type specificity was located on the G-protein whereas the group antigen was If we are justified in assuming that the conclusions drawn from maps of the tyrosine and methionine-containing tryptic peptides hold generally for those peptides not detected by autoradiography, the results suggest a significant level of homology among the genomic RNAs. However, Repik et al. (I974) reported little exact homology (less than m % of the virus RNA) between the genomes of VSV Indiana and New Jersey, but some inexact homology. They suggest that inexact homology may have arisen by random mutation throughout the virus genomes during evolution of the viruses. However, the data presented here and the information from D. F. Summers indicate that a large portion of the genome, namely that which codes for the N and M proteins and, from our preliminary experiments, probably the NS and L proteins also, do not vary greatly among the viruses. We are unable to explain the discrepancy between our data and those of Repik et al. 0974) .
Because of their distinct reaction in serological tests, a certain amount of variation among the glycoproteins was expected. However, the extent of structural variation indicated by the peptide maps suggests that very much more than the antigenic determinants vary among the glycoproteins. We interpret this to indicate that a large portion of the glycoprotein sequence has no strict function and that as a consequence, mutations which affect the region of the genome coding for the glycoprotein are less likely to be lethal than, for example, those which affect the regions coding for the N-and M-proteins.
The role of the N-protein may explain the extent to which its sequence is conserved among the viruses. N-protein is intimately associated with the RNA so that the latter is protected from the action of ribonuclease. It is reasonable to assume that such an association makes strict demands of the N-protein sequence. It is interesting to speculate that the N-proteins are analogous to histone proteins which demonstrate remarkable sequence conservation.
The extent of sequence conservation within the group of M-proteins suggests that they have an important and complex role to play in the interaction of the nucleocapsid with the lipid membrane and it is interesting to note that Laver & Downie 0976) also found very few differences between the peptide maps of the matrix proteins of type A influenza viruses from widely differing sources, namely two human viruses isolated in I942 and I973, and a third virus isolated from a pelagic bird nesting on an uninhabited and remote coral island. They suggested that most mutations which affect the matrix protein may be lethal for the virus, particularly as the role of the M-protein may be further complicated by its need to interact with the base of the G-protein and to recognize the cellular membranes during the budding process.
Peptide mapping experiments with the L-proteins of the viruses have been hindered by a number of problems, namely the small quantities of radioactive protein available for mapping, the high levels of diffuse background radioactivity and the large numbers of l~5I-or aSS-methionine peptides. However, our tryptic peptide maps do indicate essentially similar patterns of those peptides which are readily detectable in the three proteins (results not shown).
In preliminary experiments with the NS-proteins we found similarities among the proteins of the order seen with the N-proteins. However, more recent experiments have suggested that the NS-proteins may be less related than we previously thought, though not to the extent seen with the G-proteins. It is possible that the NS preparations used in preliminary experiments were contaminated with a host protein such as actin although monitoring of samples by polyacrylamide gel electrophoresis (Fig. I ) never indicated more than one protein species. It may be relevant to this problem that preparations of VSV grown in our laboratory contain variable amounts of NS-protein relative to the major proteins. We are currently attempting to resolve the discrepancy with the NS-proteins.
In view of the similarities observed in the tryptic peptide maps of the internal proteins of different strains of VSV, it would be interesting to examine the extent to which the internal proteins of serologically unrelated rhabdoviruses resemble those of VSV. In preliminary experiments we have recently examined the N-proteins of Brazil, Indiana, New Jersey, Argentina, Chandipura, Cocal, Pity and rabies viruses by the peptide mapping method of Cleveland et al. (I977) . Similar patterns were obtained with all these viruses with the exception of rabies virus N-protein. New Jersey and Chandipura N-proteins resembled each other more closely than either resembled the other N-proteins.
